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1. Introduction {#jgra54844-sec-0001}
===============

A principal goal of the Radiation Belt Storm Probes (RBSP) mission was to develop a much deeper understanding of the structure and time variability of Earth\'s radiation belts. Almost immediately after the late‐August 2012 launch of the dual RBSP spacecraft into their highly elliptical orbits, it was discovered that a third Van Allen belt (or "storage ring") of highly relativistic electrons can exist near the inner part of the traditionally recognized outer Van Allen zone (Baker et al., [2013](#jgra54844-bib-0005){ref-type="ref"}). This feature has been the subject of much theoretical investigation and speculation since its discovery.

In addition to morphological structures of the radiation zones such as the third belt, it has also been a major achievement of the RBSP program (renamed the "Van Allen Probes" mission in November 2012) to understand more thoroughly how ultrarelativistic electrons are accelerated deep inside the radiation belts due to various wave‐particle interactions (e.g., Thorne et al., [2013](#jgra54844-bib-0031){ref-type="ref"}). Van Allen Probes studies have demonstrated that electrons up to energies of order 10 megaelectron volts (MeV) can be produced over broad regions of the outer Van Allen zone on surprisingly short timescales (Foster et al., [2014](#jgra54844-bib-0011){ref-type="ref"}, [2015](#jgra54844-bib-0013){ref-type="ref"}). The key to such rapid acceleration is the interaction of "seed" populations of \~30‐ to \~300‐keV electrons with electromagnetic waves in the lower band whistler‐mode chorus frequency range (e.g., Jaynes et al., [2015](#jgra54844-bib-0015){ref-type="ref"}). On somewhat longer timescales ultralow frequency (ULF) waves can play a strong role in driving radial diffusion as well (Li et al., [2009](#jgra54844-bib-0020){ref-type="ref"}; Mann et al., [2016](#jgra54844-bib-0023){ref-type="ref"}; Zhao et al., [2018a](#jgra54844-bib-0034){ref-type="ref"}; Jaynes et al., [2018](#jgra54844-bib-0014){ref-type="ref"}).

Extended studies of Van Allen Probes data show that "source" electrons (in a typical energy range of one to a few tens of kiloelectron volts) produced by magnetospheric substorms play a crucial role in amplifying the chorus waves in the magnetosphere. It is very often observed that these chorus waves then rapidly heat and accelerate the tens to hundreds of kiloelectron volts seed electrons that are injected by substorms into the outer Van Allen zone. Thus, geomagnetic activity driven by strong solar storms (coronal mass ejections or CMEs) regularly leads to ultrarelativistic electron production through the intermediary step of intense magnetospheric substorms (Jaynes et al., [2015](#jgra54844-bib-0015){ref-type="ref"}). When substorms are weak or absent, radiation belt enhancements are not able to occur.

In this paper, we report long‐term radiation belt observations and also focus individually on the largest geomagnetic storms of the last several years. Distinctive events that exhibited significant ring current development are discussed. We focus on storms that produced large effects on the relativistic and ultrarelativistic electrons measured by the Relativistic Electron‐Proton Telescope (REPT) sensors (Baker et al., [2012](#jgra54844-bib-0006){ref-type="ref"}) on board the Van Allen Probes spacecraft. This paper describes the radiation belt acceleration, transport, and loss characteristics for these intense geomagnetic events. We emphasize features seen repeatedly in the data (three‐belt structures, "impenetrable" barrier properties, and radial diffusion signatures) in the context of acceleration and loss mechanisms. We especially highlight solar wind forcing of the ultrarelativistic (5 MeV) electron populations. We address energy‐spectral issues for key events. We also focus on special periods of many months duration where highly relativistic electrons were entirely absent throughout the entire outer Van Allen zone. The presentation includes new visualization tools portraying the time variability of the outer Van Allen belt emphasizing the remarkable dynamics of the system.

2. Data Sets {#jgra54844-sec-0002}
============

A primary data set for this study consists of the energetic particle measurements made using the REPT instrument on board the dual‐spacecraft Van Allen Probes mission. Baker et al. ([2012](#jgra54844-bib-0006){ref-type="ref"}) described in detail the REPT design and measurement capabilities. While the REPT instruments also make comprehensive measurements of energetic protons across a wide energy span (*E* \~ 15 MeV to *E* \> 400 MeV) throughout the radial range of the Van Allen Probes (see Selesnick, [2015](#jgra54844-bib-0028){ref-type="ref"}; Selesnick et al., [2018](#jgra54844-bib-0029){ref-type="ref"}), the principal focus in the present study is upon relativistic electron fluxes from *E* \~ 1.5 MeV to *E* ≥ 10 MeV. Several prior studies have examined limited time intervals of REPT electron data (Baker et al., [2013](#jgra54844-bib-0005){ref-type="ref"}, [2015](#jgra54844-bib-0009){ref-type="ref"}, [2016](#jgra54844-bib-0002){ref-type="ref"}; Baker, Jaynes, Li, et al., [2014](#jgra54844-bib-0003){ref-type="ref"}; Kanekal et al., [2015](#jgra54844-bib-0017){ref-type="ref"}), but the present work looks at the complete set of REPT measurements for the period 1 September 2012 to 1 September 2018. In general, the REPT data from the RBSP‐A and RBSP‐B spacecraft are cross‐calibrated to within 1% of one another. Thus, we are able to combine the REPT‐A and REPT‐B data seamlessly for our long‐term studies presented here.

To support our radiation belt particle observations and to provide context for those measurements, we also utilize solar wind and interplanetary magnetic field (IMF) data from the "CDAWeb" data set (<https://cdaweb.sci.gsfc.nasa.gov/>). We typically use solar wind data averaged to daily values but also use multiple‐day smoothing of the data in some analyses (as noted in the observation sections below).

3. Long‐Term Radiation Belt Overview {#jgra54844-sec-0003}
====================================

Figure [1](#jgra54844-fig-0001){ref-type="fig"} provides a broad summary of radiation belt electron fluxes and concurrent solar wind and IMF data for the inclusive period 1 September 2012 to 1 September 2018. The top four panels show color‐coded differential fluxes of energetic electrons as a function of *L* value (vertical axis) versus time (horizontal axis). For the purposes of this survey plot, the dipole *L* value is used to organize the data. The flux scale for each energy range is shown by the logarithmic color bar to the right side of each panel. The energy channels displayed are (a) 1.8 MeV, (b) 2.6 MeV, (c) 4.2 MeV, and (d) 6.3 MeV.

![(a--d) Spin‐averaged fluxes of electrons with energies of 1.8, 2.6, 4.2, and 6.3 MeV from 1 September 2012 to 1 September 2018, using data from both Van Allen Probes. (e--h) Three‐day running averaged solar wind speed, IMF B, IMF B ~z~, and VB ~z~ during the same time period. RBSP = Radiation Belt Storm Probes; REPT = Relativistic Electron‐Proton Telescope.](JGRA-124-2588-g001){#jgra54844-fig-0001}

The lower four panels of Figure [1](#jgra54844-fig-0001){ref-type="fig"} show solar wind and IMF data for the same 6‐year period of 2012--2018. Panel (e) shows 3‐day running averages of the solar wind speed (*V*). Panel (f) shows the similarly averaged IMF B strength. Panel (g) shows the corresponding IMF *B* ~*z*~ component for the entire interval, and panel (h) shows the interplanetary *y* component of the solar wind electric field *(−E* ~*y*~ \~ *VB* ~*z*~).

Several features can be noted about the relativistic electron behavior in Figure [1](#jgra54844-fig-0001){ref-type="fig"}. While comparatively high fluxes often were seen (especially in the lower energy channels) during late 2012 and into 2013, during most of 2014 the electron fluxes were quite low. In fact, for the 4.2‐ and 6.3‐MeV energy channels there were virtually no measurable fluxes for the entire year of 2014. In contrast, in 2015 and subsequent years (up to \~December 2017) the electron fluxes were often quite high. Looking at the solar wind speed data (panel e), it is obvious that *V* ~sw~ values were continuously low in 2014, essentially never exceeding 500 km/s during that entire year. On the other hand, for the period 2015--2017, the solar wind speed was frequently above 500 km/s and, furthermore, often showed clear periodic behavior characteristics of recurrent high‐speed solar wind streams (e.g., McPherron et al., [2009](#jgra54844-bib-0024){ref-type="ref"}). Such streams are known to set up efficient accelerator conditions for high‐energy electrons (Baker et al., [1997](#jgra54844-bib-0008){ref-type="ref"}; Li et al., [2011](#jgra54844-bib-0022){ref-type="ref"}; McPherron et al., [2009](#jgra54844-bib-0024){ref-type="ref"}). We note that for late 2017 and the early portion of 2018, the radiation belts again showed a paucity of particles for a quite extended interval rather similar to that seen in 2014.

There were several particularly strong and distinctive electron acceleration events evident in the long‐term REPT data of Figure [1](#jgra54844-fig-0001){ref-type="fig"}. One of those in October 2012 has been much studied (Reeves et al., [2013](#jgra54844-bib-0027){ref-type="ref"}) and was due to an effective CME structure hitting the magnetosphere commencing on 8 October 2012. Powerful acceleration was observed across all Van Allen Probes electron energy channels and clearly extended up to at least 6.3 MeV (see Figure [1](#jgra54844-fig-0001){ref-type="fig"}d). Another clear, CME‐driven relativistic electron event occurred on 17 March of 2013 (see Baker, Jaynes, Li, et al., [2014](#jgra54844-bib-0003){ref-type="ref"}; Foster et al., [2014](#jgra54844-bib-0011){ref-type="ref"}). This event was abrupt and powerful but did not register as strongly in the *E* = 6.3‐MeV channel as did the October 2012 storm.

The largest electron acceleration event of the Van Allen Probes era occurred on 17 March 2015. This event has been studied in detail by Baker et al. ([2016](#jgra54844-bib-0002){ref-type="ref"}). In their analysis, Baker et al. showed that the March 2015 CME impact completely depleted the outer radiation belt and then subsequently allowed rapid reacceleration of electrons up to at least 8--10 MeV. A subsequent geomagnetic storm in June 2015 also produced powerful radiation belt effects, in several ways building rapidly upon the remnants of the March 2015 storm.

A fourth storm quite worthy of detailed analysis occurred in September 2017. Note in Figure [1](#jgra54844-fig-0001){ref-type="fig"} that this storm was similarly powerful in radiation belt response to the March 2015 period. Electrons in energy from *E* \~ 1 MeV all the way up to 10 MeV (or greater) were suddenly produced across all outer belt L‐shells on 7 and 8 September 2017 (as will be shown below). Like the October 2012 storm and the March 2015 storm, the September 2017 storm produced a long‐lasting and slowly decaying electron population seen, for example, in the *E* \~ 6.3‐MeV energy channel near *L* \~ 3.0.

A feature seen in the data of Figure [1](#jgra54844-fig-0001){ref-type="fig"} is that at no time, and at none of the plotted energies, did a detectable flux of electrons penetrate directly, or get accelerated within, the region *L* ≤ 2.8. This seeming "impenetrable" barrier to relativistic electron inward motion was reported in Baker, Jaynes, Hoxie, et al. ([2014](#jgra54844-bib-0001){ref-type="ref"}). This barrier and its relationship to VLF wave fields also measured by Van Allen Probes have been discussed in detail by Foster et al. ([2016](#jgra54844-bib-0012){ref-type="ref"}).

4. Statistical Relationships {#jgra54844-sec-0004}
============================

As becomes clear from careful examination of Figures [1](#jgra54844-fig-0001){ref-type="fig"}e--[1](#jgra54844-fig-0001){ref-type="fig"}h, there are several broad correlations between electron flux levels (Figures [1](#jgra54844-fig-0001){ref-type="fig"}a--[1](#jgra54844-fig-0001){ref-type="fig"}d) and key solar wind and IMF parameters. We have already pointed out, for example, that peak solar wind speeds were commonly above 500 km/s in 2015--2017 but were lower during 2014. We also note some tendency for the IMF *B* ~*z*~ component to be more strongly and frequently negative (southward) during 2015--2016 than (say) for much of 2014. However, visual inspection of relationships from plots such as Figure [1](#jgra54844-fig-0001){ref-type="fig"} cannot be completely convincing or quantitative concerning correlation strengths.

In order to examine energetic electron flux relationships more deliberately with solar wind conditions, we have carried out a wide range of statistical comparisons (only a small portion of which are explicitly presented here). For these purposes, we have taken flux "cuts" at several fixed *L* values (*L* = 3.5, 4.5, and 5.5) for each of the REPT electron energy channels. This gives a basic daily average value for the flux at the several energies, which we have then compared with corresponding solar wind and IMF parameters. We initially compared single‐day *V* ~sw~ and IMF values with electron fluxes. These were interesting but were rather highly scattered. Since relativistic electron fluxes in the outer zone tend to persist for many days after being first accelerated, we opted to use more highly smoothed solar wind and IMF parameters for our statistical comparisons. Here we choose to show scatter plots of daily increments but with *V* ~sw~ and IMF values smoothed by a running 13‐day filter. Such a filter tends to reduce IMF fluctuations and takes cognizance of the kind of high‐speed solar wind stream driving common in 2016--2017 (see above). Figure [2](#jgra54844-fig-0002){ref-type="fig"} shows such scatter plots for electrons with *E* = 4.2 MeV for the entire 6‐year run of data. Panel (a) is the cut of fluxes at *L* = 3.5 (see Figure [1](#jgra54844-fig-0001){ref-type="fig"}c) versus the concurrent values of solar wind speed. Similarly, panel (b) is for *E* = 4.2‐MeV fluxes at *L* = 4.5 versus *V*, and panel (c) is for *E* = 4.2‐MeV fluxes at *L* = 5.5 versus *V*. The lower row in Figure [2](#jgra54844-fig-0002){ref-type="fig"} is for 4.2‐MeV fluxes versus the parameter *VB* ~*z*~ for *L* = 3.5, 4.5, and 5.5.

![Scatterplots of 13‐day running averaged 4.2‐MeV electron fluxes and 13‐day running averaged (top) solar wind speed and (bottom) VB ~z~, using data from both Van Allen Probes from 1 September 2012 to 1 September 2018.](JGRA-124-2588-g002){#jgra54844-fig-0002}

In general, we see that 4.2‐MeV electron fluxes correlate positively with *V* ~sw~ at all *L* values but that the correlations become considerably stronger at higher *L* values. This kind of flux relationship with solar wind speed was noted earlier (e.g., Baker et al., [1997](#jgra54844-bib-0008){ref-type="ref"}; Baker, Kanekal, & Blake, [2004](#jgra54844-bib-0004){ref-type="ref"}; Reeves et al., [2011](#jgra54844-bib-0026){ref-type="ref"}; Zhao et al., [2017](#jgra54844-bib-0033){ref-type="ref"}). On the other hand, the correlations of electron flux with *VB* ~*z*~ (Figures [2](#jgra54844-fig-0002){ref-type="fig"}d--[2](#jgra54844-fig-0002){ref-type="fig"}f) were found to be considerably weaker than for *V* ~sw~ alone. Thus, in keeping with several prior studies, we find *V* ~sw~ to be a dominant controller of relativistic electron increases---especially in the outermost part of the outer Van Allen zone. The trends found for *E* \~ 4.2 MeV in Figure [2](#jgra54844-fig-0002){ref-type="fig"} were generally similar for both lower and higher energies measured by REPT during 2012--2018. Obviously, from results shown here, we conclude that correlation strengths were not extremely high for any solar wind drivers. For the largest correlation coefficients (i.e., *r* \~ 0.6) only about 40% (*r* ^2^) of the variance of flux changes can be explained by solar wind drivers. Thus, other (internal) magnetospheric processes must play a large role in flux variability.

5. Strongest Solar Wind Forcing Intervals {#jgra54844-sec-0005}
=========================================

Several of the strongest relativistic electron depletion intervals that were rapidly followed by strong electron flux enhancements deserve special attention here. As a consequence, we examine March 2013, March 2015, and September 2017 closely in this section using our latest display tools. We recall for reference that March 2013 and March 2015 were analyzed previously in some detail by our team (Baker et al., [2016](#jgra54844-bib-0002){ref-type="ref"}; Baker, Jaynes, Li, et al., [2014](#jgra54844-bib-0003){ref-type="ref"}; Foster et al., [2014](#jgra54844-bib-0011){ref-type="ref"}).

5.1. March 2013 Period {#jgra54844-sec-0006}
----------------------

Figure [3](#jgra54844-fig-0003){ref-type="fig"} shows a blown‐up time segment of the same data and solar wind parameters that initially were shown in Figure [1](#jgra54844-fig-0001){ref-type="fig"}. The interval portrayed in Figure [3](#jgra54844-fig-0003){ref-type="fig"} is 1 February 2013 to 1 May 2013. This broad period of time fully envelops the strong CME interaction and shock wave impact that occurred on 17 March 2013. It is readily seen from Figure [3](#jgra54844-fig-0003){ref-type="fig"} that the solar wind speed went to high values (\>600 km/s) around the time of the shock wave passage and the IMF was strongly southward for a long period of time during the CME passage.

![(a--d) Spin‐averaged fluxes of electrons with energies of 1.8, 2.6, 4.2, and 6.3 MeV from 1 February to 1 May 2013, using data from both Van Allen Probes. (e--h) One‐hour solar wind speed, IMF B, IMF B ~z~, and VB ~z~ during the same period. RBSP = Radiation Belt Storm Probes; REPT = Relativistic Electron‐Proton Telescope.](JGRA-124-2588-g003){#jgra54844-fig-0003}

Figure [3](#jgra54844-fig-0003){ref-type="fig"} makes the strikingly obvious point that essentially whenever the solar wind speed goes substantially above 500 km/s for an extended period of time, the result is the initiation of a relativistic electron flux enhancement. While this is not a new observation (see, for example, Baker et al., [1997](#jgra54844-bib-0008){ref-type="ref"}), nonetheless, the Van Allen Probes data show this effect with stark clarity. The electron flux onset around 1 March 2013 was a solar wind stream‐driven enhancement (Baker, Jaynes, Li, et al., [2014](#jgra54844-bib-0003){ref-type="ref"}), while the 17 and 30 March events were CME‐driven examples. This was also the case for the event that occurred on \~20 April 2013 (toward the right side of Figure [3](#jgra54844-fig-0003){ref-type="fig"}).

Figure [4](#jgra54844-fig-0004){ref-type="fig"} is a new visualization tool for looking at daily "maps" of radiation belt fluxes derived from fluxes of electrons sampled along the RBSP spacecraft orbits. The image in each panel of Figure [4](#jgra54844-fig-0004){ref-type="fig"} shows a view looking down from above the North Pole onto the magnetic equatorial plane. The sun is to the right in each image and the orbital traces for the Van Allen Probes A and B spacecraft are shown for the times indicated in each panel. The absolute intensity of the differential particle flux at *E* \~ 4.2 MeV is shown along the trajectory profile according to the logarithmic color bar to the right of the figure.

![Polar plots for 4.2‐MeV channel for 17 March 2013. (a) Pattern for \~0100UT. (b) For \~1000UT. (c) For \~2300UT for times shown. ECT = Energetic particle, Composition, and Thermal plasma; REPT = Relativistic Electron‐Proton Telescope.](JGRA-124-2588-g004){#jgra54844-fig-0004}

We recognize that on timescales (minutes to tens of minutes) that are short compared to the 9‐hr orbital period of the Van Allen Probes, the measured 4.2‐MeV electrons will drift completely around the Earth due to magnetic gradient and curvature drift effects. Thus, we can---with reasonable accuracy---map the fluxes measured along the spacecraft pathway all the way around the Earth on dipole L‐shells. The images in Figures [4](#jgra54844-fig-0004){ref-type="fig"}a--[4](#jgra54844-fig-0004){ref-type="fig"}c represent such an azimuthal pattern due to magnetic gradient and curvature mapping of the measurements made by the REPT A and B sensors.

In Figure [4](#jgra54844-fig-0004){ref-type="fig"}a, we see the pattern of electron flux levels for the period on 17 March 2013 at about 0100 UT, that is, just a short while before the interplanetary shock wave impacted the magnetosphere. We see a very clear illustration of the double‐ring outer belt structure (Baker et al., [2013](#jgra54844-bib-0005){ref-type="ref"}) in this figure. The inner (storage ring) feature was quite distinct and separated from the rest of the outer belt of highly relativistic electrons in this case.

Figure [4](#jgra54844-fig-0004){ref-type="fig"}b shows the comparable REPT data at 1000UT on 17 March just a few hours after the shock passage time (0645UT) on this day. In this frame, we see that the outer ring of *E* \~ 4.2‐MeV electrons was swept away leaving only the storage ring population. Given the completeness and speed of the outer belt electron removal, one gets a sense of how efficient and rapid electron loss can be during CME impact events. Figure [4](#jgra54844-fig-0004){ref-type="fig"}c shows REPT A and B data just one orbital period later at 2300UT on 17 March 2013. At this time, the multi‐MeV electrons throughout the outer zone had largely been restored (see Foster et al., [2014](#jgra54844-bib-0011){ref-type="ref"}; and Baker, Jaynes, Li, et al., [2014](#jgra54844-bib-0003){ref-type="ref"} for details.) Note that the "third" belt or storage ring around *L* = 3.0 remained intact throughout this whole period.

Figure [5](#jgra54844-fig-0005){ref-type="fig"} arrays together segments of the polar‐projected data in Figure [4](#jgra54844-fig-0004){ref-type="fig"} from the three time periods on 17 March 2013 in one single plot. In this way, it shows in a clear fashion that outer zone electrons can be lost in a comparative instant when a shock wave strikes the system. The storage ring feature may appear (in magnetic dipolar *L* coordinates, at least) to be somewhat distorted after shock passage. But then, as the system recovered, high‐energy electrons were---in a matter of hours---fully reenergized and distributed throughout the outer belt, while the third belt was persistently maintained.

![Merged polar plots for 4.2‐MeV channel for 17 March 2013 comparing the several periods shown in Figure [4](#jgra54844-fig-0004){ref-type="fig"}. ECT = Energetic particle, Composition, and Thermal plasm; REPT = Relativistic Electron‐Proton Telescope.](JGRA-124-2588-g005){#jgra54844-fig-0005}

5.2. March 2015 Period {#jgra54844-sec-0007}
----------------------

Figure [6](#jgra54844-fig-0006){ref-type="fig"} is analogous to Figure [3](#jgra54844-fig-0003){ref-type="fig"} but shows data for the period 1 February to 1 July 2015. This period encompassed demonstrably the strongest geomagnetic storm of solar cycle 24 (and this commenced on 17 March 2015). There was another strong geomagnetic storm in June 2015. Both the March and June events were driven by powerful CME impacts (see Baker et al., [2016](#jgra54844-bib-0002){ref-type="ref"}). The inward radial motion of the ultrarelativistic electrons was of deeper extent (*L* \~ 2.6) during the March 2015 event than during any other period during the Van Allen Probes era.

![Similar format to Figure [3](#jgra54844-fig-0003){ref-type="fig"} but for the time period of 1 February to 1 July 2015. RBSP = Radiation Belt Storm Probes; REPT = Relativistic Electron‐Proton Telescope.](JGRA-124-2588-g006){#jgra54844-fig-0006}

The interplanetary shock wave ahead of the CME responsible for the 17 March 2015 geomagnetic storm struck the Earth\'s magnetosphere at 0445UT on 17 March (see Baker et al., [2016](#jgra54844-bib-0002){ref-type="ref"}). This initiated a sharp storm sudden commencement and also set in motion a strong depletion of the entire outer radiation belt across all REPT‐measured energies. As discussed in Baker et al. ([2016](#jgra54844-bib-0002){ref-type="ref"}), the swiftness and completeness of the outer belt depletion on 17 March was remarkable. By early on 18 March 2015, however, the radiation belt electrons up to multiple‐MeV energies were quite fully restored and reached flux levels much higher than prior to the shock arrival. Another interesting feature of this event was the prompt energization of electrons at ultrarelativistic energies within \<2 min of the shock passage, which injected electrons deep into the magnetosphere (*L* \< \~3; Kanekal et al., [2016](#jgra54844-bib-0016){ref-type="ref"}).

Figure [7](#jgra54844-fig-0007){ref-type="fig"} is analogous to Figure [4](#jgra54844-fig-0004){ref-type="fig"} above and shows polar perspectives of *E* = 4.2‐MeV electron fluxes for 16--18 March 2015. In Figure [7](#jgra54844-fig-0007){ref-type="fig"}a, we present azimuthally mapped flux profiles for \~1400UT on 16 March. There was a relatively intense outer belt population extending from *L* \~ 2.9 (the typical outward edge of the "barrier") out to . As shown in Baker et al. ([2016](#jgra54844-bib-0002){ref-type="ref"}), this outer belt configuration had been set up over a period of nearly 3 weeks by gradual inward radial diffusion following a high‐speed solar wind stream that struck the magnetosphere in early March 2015.

![Similar to Figure [4](#jgra54844-fig-0004){ref-type="fig"} for 16--18 March 2015. ECT = Energetic particle, Composition, and Thermal plasm; REPT = Relativistic Electron‐Proton Telescope.](JGRA-124-2588-g007){#jgra54844-fig-0007}

Figure [7](#jgra54844-fig-0007){ref-type="fig"}b shows REPT measurements at *E* = 4.2 MeV for the period around 1400UT on 17 March, that is, about 10 hr following the shock wave impact. As is clear from the figure, there were essentially no measurable fluxes of multi‐MeV electrons detectable at any radial location in this postshock impact interval. However, as is clear from Figure [7](#jgra54844-fig-0007){ref-type="fig"}c, by 1400UT on 18 March, the outer belt population was fully and quite substantially replenished. In fact, the inner edge of the outer belt was pushed into *L* \~ 2.8 and high fluxes extended well outward beyond *L* \~ 5.5.

In analogy with Figure [5](#jgra54844-fig-0005){ref-type="fig"} above, Figure [8](#jgra54844-fig-0008){ref-type="fig"} shows a composite diagram made up of segments from Figures [7](#jgra54844-fig-0007){ref-type="fig"}a--[7](#jgra54844-fig-0007){ref-type="fig"}c. This illustrates the remarkable and dynamic variability of the outer belt electron population during strong CME‐driven events. As also shown above for the March 2013 case, in a period of order 1 day the radiation belts can go from a fairly placid, quiescent state to be essentially completely drained by rapid loss processes (see Shprits et al., [2015](#jgra54844-bib-0030){ref-type="ref"}; Xiang et al., [2017](#jgra54844-bib-0032){ref-type="ref"}). Subsequently, the outer belt can essentially be fully reconstituted on time scales of just hours.

![Similar to Figure [5](#jgra54844-fig-0005){ref-type="fig"} for 16 and 17 March 2015. ECT = Energetic particle, Composition, and Thermal plasm; REPT = Relativistic Electron‐Proton Telescope.](JGRA-124-2588-g008){#jgra54844-fig-0008}

5.3. September 2017 Period {#jgra54844-sec-0008}
--------------------------

Figure [9](#jgra54844-fig-0009){ref-type="fig"} is analogous to Figures [3](#jgra54844-fig-0003){ref-type="fig"} and [6](#jgra54844-fig-0006){ref-type="fig"} above. It provides an expanded view of REPT electron fluxes and solar wind conditions for the period 1 August to 1 November 2017. This period encompasses several high speed solar wind stream intervals and also contained an extremely strong CME‐driven event (7 and 8 September) that produced wide‐ranging outer radiation belt responses. As shown in Figure [9](#jgra54844-fig-0009){ref-type="fig"}, in fact, this event demonstrates the clearest evidence of any Van Allen Probes era geomagnetic storm interval for direct electron acceleration to energies above 10 MeV. In Figure [9](#jgra54844-fig-0009){ref-type="fig"}e, it seems clear that by 11 September, this storm had produced measurable fluxes of electrons lasting several days in the *E* = 9.9 MeV (9.1 ≤ *E* ≤ 12.6 MeV) REPT channel. Clearly in the *E* = 7.7‐MeV channel (Figure [9](#jgra54844-fig-0009){ref-type="fig"}d), the electrons produced by this storm formed the very high‐energy storage ring (third belt) population that persisted until at least 1 November 2017. (In fact, examining Figure [1](#jgra54844-fig-0001){ref-type="fig"}, this third belt lasted until well into 2018).

![(a--e) Spin‐averaged fluxes of electrons with energies of 2.6, 4.2, 6.3, 7.7, and 9.9 MeV from 1 August to 1 November 2017, using data from both Van Allen Probes. (f--i) One‐hour solar wind speed, IMF B, IMF B ~z~, and VB ~z~ during the same time period. RBSP = Radiation Belt Storm Probes; REPT = Relativistic Electron‐Proton Telescope.](JGRA-124-2588-g009){#jgra54844-fig-0009}

Figure [9](#jgra54844-fig-0009){ref-type="fig"} shows a rich variety of electron acceleration, transport, and loss features during this August--October period. Numerous radial diffusion events were evident (as in late‐August and in the period 17--27 September). These kinds of event are often superimposed upon the remnants of earlier acceleration events. At times (as on 31 August and again early on 7 September), there were fascinating brief bursts of accelerated electrons that were very transient. As rapidly as they appeared, they quickly disappeared. Each of these was associated with strong solar wind impulses (see Figures [9](#jgra54844-fig-0009){ref-type="fig"}f--[9](#jgra54844-fig-0009){ref-type="fig"}i).

The central focus of Figure [9](#jgra54844-fig-0009){ref-type="fig"} is the events on 7 and 8 September 2017. The abrupt losses (related to an interplanetary shock impact) and the strong replenishment of the belts on 8 September are quite clear across a wide energy range. Figure [10](#jgra54844-fig-0010){ref-type="fig"} is analogous to Figures [4](#jgra54844-fig-0004){ref-type="fig"} and [7](#jgra54844-fig-0007){ref-type="fig"} above and shows polar projection maps of the radiation belt fluxes for the REPT *E* = 4.2‐MeV channel. Figure [10](#jgra54844-fig-0010){ref-type="fig"}a shows data for the period around 1200UT on 7 September. It is seen that the outer belt was very broad in radial extent (2.8 ≤ *L* ≤ 5.8) during that time. Peak electron intensities were relatively high across this entire range of geocentric distances. Figure [10](#jgra54844-fig-0010){ref-type="fig"}b shows that by 0000UT on 8 September, most of the outer belt had been scoured away leaving only a rather complex storage ring population (from *L* \~ 3.5 to *L* \~ 4.2). Then, by 1800UT on 8 September, the outer zone was strongly repopulated by multi‐MeV electrons extending (Figure [10](#jgra54844-fig-0010){ref-type="fig"}c) from *L* \~ 2.9 out at least to *L* \~ 4.6.

![Similar to Figure [4](#jgra54844-fig-0004){ref-type="fig"} for 7 and 8 September 2017. ECT = Energetic particle, Composition, and Thermal plasm; REPT = Relativistic Electron‐Proton Telescope.](JGRA-124-2588-g010){#jgra54844-fig-0010}

Figure [11](#jgra54844-fig-0011){ref-type="fig"} is analogous to Figures [5](#jgra54844-fig-0005){ref-type="fig"} and [8](#jgra54844-fig-0008){ref-type="fig"} above. It shows by superposition of pieces of Figures [10](#jgra54844-fig-0010){ref-type="fig"}a--[10](#jgra54844-fig-0010){ref-type="fig"}c that the outer zone was extraordinarily time variable during this forcing interval. In its regeneration after 8 September, the outer belt was much narrower in radial extent but much higher in average intensity.

![Similar to Figure [5](#jgra54844-fig-0005){ref-type="fig"} for 7 and 8 September 2017. ECT = Energetic particle, Composition, and Thermal plasm; REPT = Relativistic Electron‐Proton Telescope.](JGRA-124-2588-g011){#jgra54844-fig-0011}

6. Sporadic, Very High‐Energy Events {#jgra54844-sec-0009}
====================================

The REPT instruments on board the two Van Allen Probes spacecraft have provided capabilities to measure higher‐energy electrons than has been readily possible on prior magnetospheric missions. The combination of sensitivity, energy resolution, and background rejection have allowed the REPT sensors to systematically assess the occurrence and time dependence of electrons in the energy range of 7\~12 MeV throughout the entire inner magnetosphere.

To illustrate this capability, in Figure [12](#jgra54844-fig-0012){ref-type="fig"}, we show *L*‐versus‐time plots of the REPT channel labeled "*E* = 7.7 MeV." This is a differential channel that covers roughly 7‐ to 9‐MeV electron energies. The figure shows six panels, each panel covering one full year of REPT measurements (commencing on 1 September of each year from 2012 to 2017). As can be seen from the plot, enhancement episodes at such high energies were relatively rare, especially in the period from September 2012 through early 2015. Only the October 2012 storm event during this time interval produced a long‐lasting 7.7‐MeV electron population. Similarly, the March 2015 storm (Figure [12](#jgra54844-fig-0012){ref-type="fig"}c) showed a powerful high‐energy enhancement that lasted prominently until the electrons were wiped out by the impact of the 22 June 2015 CME shock wave. This shock impact rapidly and completely depleted the entire outer zone population.

![Spin‐averaged 7.7‐MeV electron fluxes shown year‐by‐year from 1 September 2012 to 1 September 2018. RBSP = Radiation Belt Storm Probes; REPT = Relativistic Electron‐Proton Telescope.](JGRA-124-2588-g012){#jgra54844-fig-0012}

The later periods in 2015 through 2018 have shown numerous enhancements of *E* ≥ 7‐MeV electrons (Figures [12](#jgra54844-fig-0012){ref-type="fig"}d--[12](#jgra54844-fig-0012){ref-type="fig"}f).

These all show a pattern of strong initial onset at relatively higher L‐shell onset. Then the electron population appears to radially diffuse inward toward Earth until the inner edge of the flux enhancement reached *L* \~ 2.8. The population then remained in place and often gradually dissipated. But just as often, the population was dramatically lost (in a virtual instant) when a strong solar wind impulse or CME strikes the magnetosphere.

7. Extended Intervals of Electron Paucity {#jgra54844-sec-0010}
=========================================

At the lowest energies measured by the REPT sensors, there was seldom a time during the 6‐year period under scrutiny that did not show at least some measurable electron flux (See Figure [1](#jgra54844-fig-0001){ref-type="fig"}). However, as one examines energies above 2--3 MeV, there were periods (as previously remarked) that had essentially no detectable electron fluxes anywhere in the magnetosphere. These times of great paucity of multi‐MeV electrons deserve attention and understanding. In sections above, we focused on enhancement intervals; we can also learn a good deal about the system behavior by studying times completely devoid of such enhancements.

The longest and most striking period of relativistic electron scarcity was for much of calendar year 2014. Figure [13](#jgra54844-fig-0013){ref-type="fig"} shows this period in some detail. The top panel (Figure [13](#jgra54844-fig-0013){ref-type="fig"}a) shows the *L*‐sorted, color‐coded format used extensively in this paper. The next panel (b) is line "cuts" for daily averaged fluxes of *E* = 4.2‐MeV electrons for *L* = 3.5, 4.5, and 5.5 (as indicated by the color of the curves). The lower four panels (c--f) show the solar wind and IMF data we have employed in prior figures.

![(a) Spin‐averaged 4.2‐MeV electron fluxes, (b) daily‐averaged 4.2‐MeV electron fluxes at L = 3.5, 4.5, and 5.5 (with fluxes at L = 4.5 multiplied by 10 and at L = 5.5 multiplied by 100), (c--f) One‐hour solar wind speed, IMF B, IMF B ~z~, and VB ~z~, during 1 January 2014 to 1 January 2015. RBSP = Radiation Belt Storm Probes; REPT = Relativistic Electron‐Proton Telescope.](JGRA-124-2588-g013){#jgra54844-fig-0013}

From Figure [13](#jgra54844-fig-0013){ref-type="fig"}, one again can understand that the absence of 4.2‐MeV electrons for most of the year‐long period was directly and rather obviously related to very weak solar wind and IMF drivers. The solar wind speed went above 500 km/s only a few times during the year, as in early January 2014, February, April, and late May. In those cases, only a couple of them had corresponding episodes of southward IMF (Figure [13](#jgra54844-fig-0013){ref-type="fig"}e). Hence, it is quite understandable that for most of 2014, the ultrarelativistic electrons were near background levels at all *L* values because the interplanetary drivers (*V* ~sw~ and *B* ~*z*~) were essentially not sufficient at any time during the year. (There were several solar wind enhancements later in the year from September to December that were geoeffective).

Figure [14](#jgra54844-fig-0014){ref-type="fig"} is analogous to Figure [13](#jgra54844-fig-0013){ref-type="fig"} but for the period 1 January 2018 to 1 October 2018 (i.e., we have extended a month beyond our 6‐year "window"). We see that in January and February 2018 the *L* = 4.5 and *L* = 5.5 fluxes were at background levels. The *L* = 3.5 fluxes were above background but were gradually and systematically decreasing from the activity that had occurred previously in November 2017. There were several solar wind high‐speed streams in March through June of 2018. However, none of these had very strong southward IMF. Thus, there were relatively weak, but periodic, flux enhancements in the March--June period. In July and August, the flux values were again near background levels and then the August 2018 solar/geomagnetic activity caused a great resurgence in fluxes at all *L* values.

![Similar format to Figure [13](#jgra54844-fig-0013){ref-type="fig"} but for the time period of 1 January to 1 October 2018. RBSP = Radiation Belt Storm Probes; REPT = Relativistic Electron‐Proton Telescope.](JGRA-124-2588-g014){#jgra54844-fig-0014}

8. Discussion and Conclusion {#jgra54844-sec-0011}
============================

In this paper, we have taken a broad, comprehensive view of high‐energy electron measurements from the Van Allen Probes for 6 years of mission lifetime (2012--2018). We have examined key intervals of strong flux enhancements for 1.5 ≤ *E* ≤ 12 MeV using the REPT instrument on board both Van Allen Probes A and B spacecraft. We have also looked closely at extended quiet intervals (as in the year 2014) when multi‐MeV electrons were largely absent throughout the entire magnetosphere.

In this extended survey of data, we have confirmed several earlier findings based upon previously more limited data. For example, throughout this 6‐year study period, we saw no instance in which multi‐MeV electrons penetrated into the inner zone (*L* ≤ 2.5) region. This confirms our earlier finding about the seeming "impenetrable barrier" for high‐energy electron during the Van Allen Probes era (Baker, Jaynes, Hoxie, et al., [2014](#jgra54844-bib-0001){ref-type="ref"}; Foster et al., [2016](#jgra54844-bib-0012){ref-type="ref"}). We fully recognize that high‐energy electrons might have breached the barrier had there been stronger solar forcing episodes (Blake et al., [1992](#jgra54844-bib-0010){ref-type="ref"}; Li et al., [1993](#jgra54844-bib-0021){ref-type="ref"}, [2005](#jgra54844-bib-0018){ref-type="ref"}, [2017](#jgra54844-bib-0019){ref-type="ref"}; Baker, Kanekal, Li, et al., [2004](#jgra54844-bib-0007){ref-type="ref"}; Zhao & Li, [2013](#jgra54844-bib-0036){ref-type="ref"}). But, rather remarkably, there have been no such sufficiently strong forcing events throughout Solar Cycle 24 and---as a consequence---the inner Van Allen zone has had no highly relativistic electrons for at least 6 years. We believe that a deeper theoretical understanding is needed of how ultrarelativistic electrons can be so sharply and persistently excluded rather precisely at *L* = 2.8 even when weeks and months of inward radial diffusion should have been possible (see, for example, Figure [12](#jgra54844-fig-0012){ref-type="fig"}).

This long‐term study has revisited some prior intense acceleration events for high‐energy electrons and has also scrutinized some previously unexamined cases. Without exception, we have found that the most prominent strong acceleration events have been associated with solar wind speeds *V* ~sw~ ≥ 500 km/s. Consistently, Zhao et al. ([2018b](#jgra54844-bib-0035){ref-type="ref"}), through a statistical analysis of the ultrarelativistic electron flux enhancements using over‐5‐year REPT measurements, showed that the solar wind speed is the most effective solar wind parameter causing the flux enhancements of ultrarelativistic electrons especially for higher energies. Despite this fact having been generally known and appreciated for decades (see Baker et al., [1997](#jgra54844-bib-0008){ref-type="ref"}, and references therein), we still do not believe that physical models of magnetospheric acceleration adequately explain why such a sharp threshold of radiation belt forcing by the solar wind speed should exist. This thoroughly established observational property should be much better explained as part of the overall solar wind‐magnetosphere coupling paradigm.

Finally, as noted above, there have been surprisingly long intervals when multi‐MeV electrons were simply not of measurable intensity anywhere within the magnetospheric confines. Obviously, this absence of high‐energy electrons is the obverse of the times when electron acceleration events were frequent and strong. Indeed, we have shown here that periods of time with low relativistic electron content in the radiation belts were also times with low solar wind speeds (*V* ~sw~ \< 500 km/s) and weak IMF *B* ~*z*~ components. Since high‐energy electrons can---and do---play an important role in atmospheric coupling (Thorne, [1980](#jgra54844-bib-0101){ref-type="ref"}; Baker et al., [1987](#jgra54844-bib-0100){ref-type="ref"}), our observations about electron paucity have important implications for middle atmospheric chemistry (e.g., Randall et al., [2015](#jgra54844-bib-0025){ref-type="ref"}).

In conclusion, we can say that having precise and continuous observations of high‐energy electrons throughout the inner magnetosphere for over half a solar cycle has been a propitious circumstance. We believe that from both a scientific perspective and from a practical, that is, space weather, perspective the space physics community should work to assure that such radiation belt measurements within the magnetic equatorial area continue in perpetuity. Only such long‐term continuous measurements can assure revelations of all the radiation belts\' secrets.
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